Aims: We investigated mechanisms underlying the effects of the thioridazine enantiomers on the rabbit papillary action potential duration (AP, APD).
Introduction
Investigation into the effects of the thioridazine (+) and (-)-enantiomers on the isolated rabbit papillary APD showed that (+ )-thioridazine and the racemate cause greater APD prolongation than (-)-thioridazine [1] . In order to further analyze possible mechanisms underlying the effects of these drugs, a mathematical model of the rabbit ventricular AP [2] was adapted to reproduce baseline APs [3] . Based on available evidence and a characterization of the sensitivity of the APD to changes in major transmembrane current conductances [3] , it is possible that the observed effects may be related to simultaneous inhibition of the rapid component of the delayed rectifier potassium current (kr) and L type calcium current (leal).
Using the baseline adapted model of the rabbit ventricular AP, the aim of this study was to investigate the ability of the model to explain the measured drug effects as well as to determine levels of IKr inhibition due to each drug.
2.
Methods and materials Data collection was previously described in detail [1]. APs were recorded in right ventricular papillary muscles isolated from 21 female New Zealand white rabbits. Drug effects were investigated at 0,0.1,1, and 10 mg L·i at 2.0 and 0.5 Hz pacing. Rabbits were divided into four groups: control (N=5), racemate (N=6), (+)-thioridazine (N=4), and (-)-thioridazine (N=6). The drug effect in comparison with control (L1L1-APD) was calculated. The observed effects are shown in Figure 1 and Figure 2 . For the racemate, a dose-dependent APD prolongation was observed at both pacing rates. For (-)-thioridazine, a minor shortening was observed at 0.5 Hz pacing at 0.1 mg L-1 independent of dose. At 2 Hz pacing, no change was observed. For (+)-thioridazine, shortening was observed at 0.1 mg L-i dose which was greater at 0.5 Hz than 2 Hz, and dose dependent prolongation was observed from 0.1 to lO mg L-i. Thus, it appears that drug-induced APD change was primarily caused by at least two separate effects: a dose-dependent APD prolongation at both 2.0 and 0.5 Hz pacing, and a shortening that did not display clear dose-dependence within the investigated concentration range. The shortening effect was also stronger at the slower pacing rate.
The conductance of the leal and IKr channels were calculated to reproduce L1L1-APD effects. The fit error was quantified as the RMSE between modeled and measured APD30, APD60, and APD90 change at both 2 and 0.5 Hz pacing. leal and kr inhibition has opposing effects on APD. For this reason, several methods were used to select or keep constant one of these inhibitions, while the inhibition for the other channel was determined by optimization. Overall, this was accomplished through two approaches based on different assumptions. These will be referred to as the forward-and the inverse methods.
Forward method
The forward method assumed small kr inhibition at 0.1 mg L-i. This agreed well with experimental observations. It also assumed saturated leaL inhibition at 0.1 mg L-i as no dose-dependent shortening was observed with increasing dose. First the leaL inhibition at 0.1 mg L-t was determined by optimization. This level of leaL inhibition was set to persist, and the kr inhibition for each drug concentration was determined by optimization. As 1090 the dose dependent prolongation caused by (+) thioridazine was stronger than that caused by the racemate, and as APD appeared to be affected by two opposing effects, we assumed that (+)-thioridazine caused IKr inhibition slightly greater than the racemate at 0.1 mg L-t, and that the effect of this IKr inhibition was masked by the opposing APD shortening due to leaL inhibition. The kr inhibition due to (+)-thioridazine at higher concentrations was determined by optimization.
Inverse method
The overall strategy for the mverse method was to [4] . These were derived from patch clamp experiments in isolated guinea pig ventricular myocytes and agreed well the with concentration dependence of APD prolongation in our data. Given these levels of potassium current inhibition, leaL inhibition was determined for the racemate using our experimental data. A dose-response curve was fitted to the determined values of leaL inhibition using logistic regression with a standard dose-response curve (Hill coefficient n = 1). Assuming that the enantiomers cause identical leaL inhibition, the same levels of inhibition were set for each. The IKr inhibition was then determined by optimization.
B: Greater APD shortening was observed for (+) thioridazine than for (-)-thioridazine. In order to examine if difference in leaL inhibiting effect between the enantiomers could explain this observation, an additional variation of the inverse method was used for (+) thioridazine. kr inhibition was determined in the hypothetical extreme case that leaL inhibition was entirely due to (+)-thioridazine. Assuming no interaction between the enantiomers in the inhibition of leaL, a hypothetical dose-response curve ofIcaL inhibition for (+)-thioridazine was created. This was identical to that determined for the racemate but shifted such that only half the concentration was required to reach the same inhibition. IKr inhibition was then determined by optimization.
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Results
Modeled drug effects on APD are shown in Figures 1  and 2 . IKr, IKs, and leaL inhibition are shown in Figure 3 .
Using the forward method for the racemate, zero leaL inhibition was determined. Given zero leaL inhibition, a maximal level of 45 % IKr inhibition was determined with higher dose. The accuracy of the fit was more accurate at low concentration than at higher concentrations. For (-) thioridazine, 10 % leaL inhibition was determined and no IKr inhibition was determined for any concentration. For (+)-thioridazine, 30 % leaL inhibition was determined at 0.1 mg L-i (RMSE = 3.2 %). However, a level of 15 % IKr inhibition was selected at this concentration, and an leaL inhibition of 40 % was determined given this assumption (RMSE = 2.7 %). The determined IKr inhibition increased to a level of 85 % with higher dose.
Inverse method A was used assuming equal leaL inhibition between enantiomers. A maximal level of 30 % IKr inhibition was determined for (-)-thioridazine. For (+) thioridazine, no IKr inhibition was determined at 0.1 mg L I as the measured APD was shorter than that predicted by the leaL inhibition. With increasing dose, IKr inhibition of 80 % was determined.
Inverse method B was used assuming the extreme case that leaL inhibition was entirely attributable to (+) thioridazine. The dose-response curve was shifted to a half maximal inhibitory concentration of 0.12 mg L-1• leaL inhibition at (+)-thioridazine concentrations of 0.1, 1, and 10 mg L-1 was calculated as 16.3 %, 32.6 %, and 36.2 %.
4.
Discussion
For the racemate using the forward method, the determined kr inhibition was smaller than that reported in the literature, and the observed rate dependence of prolongation was not well described. Using the inverse method however, the model described the experimental data for the racemate with considerably greater accuracy.
Simultaneous inhibition of IKr and leaL provided a better explanation for the observed pattern of rate dependence than IKr inhibition alone. This supports the hypothesis that the measured changes in APD for the racemate were due to competing prolonging and shortening effects.
For (-)-thioridazine using the forward method, only a small degree of leal inhibition and no IKr inhibition was determined. Using the inverse method, the IKr inhibition was smaller than that determined for both the racemate and (+)-thioridazine. It was also smaller than the racemate induced IKr and IKs inhibition reported in the literature. Both methods resulted in an accurate fit to the data. IKr inhibition determined at higher doses were very similar to those found using the forward method. However, the shortening observed at 0.1 mg L-1 meant that zero IKr inhibition was determined. In addition, even attributing leaL inhibition entirely to the (+)-enantiomer (inverse method B), the magnitude of the observed shortening could not be accurately accounted for.
Using the forward method, a greater degree of kr inhibition was determined for (+)-thioridazine than for the racemate. If the IKr inhibition induced by the racemate is primarily due to (+ )-thioridazine, a similar but left-shifted dose-response curve should be expected. The kr inhibition determined using the forward method was almost identical to that reported by Drolet et al. [4] for the racemate, as were the determined values at 1 and 10 mg L-i using the inverse method. Thus, the determined levels ofIKr inhibition for (+)-thioridazine were plausible. Overall, the results show that the adapted model relatively accurately described the observed phenomena. The APD prolonging effects were well described, and simultaneous inhibition of kr and leal fit the data better than IKr inhibition alone, even when no shortening was observed. However, the rate dependence of APD shortening for (+)-thioridazine at 0.1 mg L-1 dose was not well described. In addition, while there were differences between the forward and inverse methods, the determined levels of IKr blockade agreed well between the methods 1092 and were plausible when compared to values obtained for the racemate from the literature. This indicates that the APD prolongation is well described by IKr inhibition. The results therefore suggest that the experimental results may related to reduced IKr inhibition due to (-)-thioridazine.
Thioridazine is effective in treatment of drug resistant tuberculosis [5] , but cardiotoxic inhibition of the IKr current is a concern. Considering that (-)-thioridazine was shown to have reduced anti-psychotic effect [6] and similar antimicrobial effects [7] , investigation of the cardiotoxicity of the isolated enantiomers is needed.
Conclusion
Simultaneous inhibition of the kr and leal currents allowed for accurate replication of the observed effects of (-)-thioridazine and the racemate. Prolongation due to (+ )-thioridazine was also well described by the model while the reverse rate dependence of shortening was not. Determined levels of IKr inhibition were plausible when compared to data from the literature. The IKr inhibition determined for (-)-thioridazine was substantially smaller than that determined for (+ )-thioridazine or the racemate. These results suggest that the difference in prolongation may be related to difference in kr inhibiting effect.
